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I. INTRODUCTION

B
IO-INSPIRED controllable fibrillar adhesives have allowed robots to interact with the world through adhesion. Example applications include climbing [1] - [4] , flying and perching [5] - [7] and even grasping objects in space [5] , [8] , [9] .
One difficulty with applying gecko-inspired dry adhesion in the real world is that it is difficult to determine what is a reliable grip, especially on surfaces that may have defects or contamination. More generally, it is unlikely that the adhesion limits will be known for most surfaces on which a robot operates.
As a motivating example for the work in this paper, we consider small (12 g ) robots that apply large forces by exploiting adhesion instead of friction [10] . These "μTug" robots can also work in teams to pull heavy loads; for example, six μTugs can pull a 1800 kg car [11] . However, the performance of such robot teams depends on each robot being able to pull at the limit of its adhesion, without slipping or detaching from a surface. Hence, there is a need to monitor the adhesion limit in real-time and to take compensatory action as needed, to prevent failures. For climbing and perching robots, the need to monitor and react to impending adhesive failures can be equally important to prevent disastrous falls. In this paper we present work on incipient slip sensing and recovery using capacitive tactile sensors designed to measure adhesive forces [12] . We first investigate the relationship between the adhesion shear force and the real area of contact as the fibrillar adhesive is loaded. We note that for a given loading trajectory the rate of change of force indicates when the adhesive approaches its maximum stiffness and maximum sustainable load. We then present an algorithm to sense impending slip and prevent adhesion failure. We show that results obtained using on-board tactile sensors approach those obtainable with an external force plate and commercial force/torque sensor. Finally, we show that a μTug robot equipped with the tactile sensor can maintain a pulling force near the achievable adhesion limit for a particular surface. To the authors' knowledge, this paper presents the first example of a robot using dynamic tactile sensing and control to monitor incipient adhesion failures and prevent them.
II. RELATED WORK
A. Tactile Sensing
Two metrics are important to evaluate the robustness and performance of a controllable adhesive: uniformity of contact and force carrying capacity. While many transduction methods can be used to measure applied contact forces including optical, resistive, magnetic, and capacitive sensors, fewer technologies are equally suited for measuring the adhesive contact area and 2377-3766 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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pressure. General reviews of tactile sensing can be found in [13] - [15] ; among the candidate technologies we are interested in those that can measure adhesive and shear stresses over a contact area. Focusing on adhesion, a few methods have been used to measure adhesive contact forces and areas. For testing large adhesive tiles, an optical sensor using IR emitters and detectors was used to measure the area of contact achieved with clear silicone rubber fibrillar adhesives [16] . In other work, an optical sensor using frustrated total internal reflection (FTIR) was used to measure positive and negative pressure distributions achieved by live geckos [17] . However neither of these solutions is practical for inclusion in small robots such as the μTug.
In previous work we presented the design and performance of a capacitive tactile sensor capable of measuring shear and normal forces associated with adhesion, as well as uniformity of surface contact [12] . In the present work we use the same sensor to (i) detect dynamic incipient slip events associated with impending adhesion failure, and (ii) limit the applied force to prevent failures, for repeatable and robust adhesive loading on a variety of surfaces.
B. Slip Detection
The detection of adhesion failure has some similarities to slip detection for grasping. In humans, specialized mechanoreceptors and reflexes allow us to control our grasp forces to prevent slips during manipulation tasks [18] . In robots also, slip detection and grasp force regulation have been research topics for many years. A recent review of slip sensing approaches can be found in [19] . However, there are important differences between slips with friction and adhesion. In the former case, the available tangential force is a direct function of the applied normal force (f t ≤ μf n ). A strategy for manipulation is to detect vibrations or force transients that accompany the onset of sliding, and to control the grasp force accordingly [20] - [23] .
With directional adhesives, the available (negative) normal force is instead a function of the applied shear force [24] . Robots like Stickybot adjust the tangential loading on their front limbs to provide a margin of safety with respect to the required adhesion for climbing [25] . In other work, Waalbot [26] was instrumented with sensors in its tail to estimate adhesive forces. However as noted in this work, maximum tail force occurs at adhesive pulloff from the surface, an event that is difficult to detect precisely. In addition, for robust performance, the threshold should be updated as the wall or adhesive conditions change.
Another difference between friction and adhesion is that adhesion depends on the real area of contact, and is subject to local surface defects. Hence, a robust approach to incipient adhesive failure should measure these properties, or changes in them.
Finally, for some dry adhesives, including the gecko's adhesive system, it is possible to slip slowly without a large drop in adhesive pressure [24] , [27] . Therefore, a useful strategy may involve "slip recovery" in which small amounts of slippage are detected, leading to a recovery strategy with high sustained levels of adhesion. In this regard, as with slip detection for grasping, a dynamic tactile sensor at the contact can be useful for detecting the accelerations or force transients that accompany the onset of slippage. As with slip detection for grasping, it is also desirable to apply filters or algorithms that isolate slip signals from other dynamic events [28] - [30] .
III. INCIPIENT SLIP CHARACTERIZATION
In this paper, we focus on slip detection for directional dry adhesives. The term incipient slip is used here to describe dynamic phenomena that occur before any type of motion or slippage involving these adhesives. The sensor and the general approach could also be adapted to other gecko-inspired adhesives where the desired adhesion effect arises from microscopic fibers that achieve intimate contact with a surface. In such contact conditions, van der Waals forces dominate and produce useful levels of adhesion.
In the present case, the adhesive elements are microscopic wedges ( Figure 2 ) that bend elastically as a shear force is applied to produce an increasing area of contact and adhesion. When the shear force is relaxed, the micro-wedges return to their upright configuration, the contact area becomes very small and adhesion returns nearly to zero [31] . The design of the wedges is such that they produce little adhesion when loaded primarily in other directions, thus making their adhesive properties controllable based on the direction and magnitude of shear force loading. Further detail on the geometry and loading behavior of these micro-wedges can be found in [32] .
A. FTIR Imaging Experiments
The adhesion of fibrillar adhesives depends directly on the real area of contact, i.e., the sum of contact areas for those fibers that are in intimate contact with a surface. Frustrated internal reflection (FTIR) is a well known method for obtaining an estimate of the real area of contact against a smooth, transparent plate [17] . Where adhesive elements are in contact, light is emitted due to the difference in the refractive index of the fibers versus air. Over a nominal contact region, the points at which the adhesive touches the glass light up, and total light flux is a measure of the true contact area. Note that this method, while useful for characterizing adhesion, is not easily adapted to onboard sensing for a small robot as it requires looking through the back side of a transparent surface.
For characterization, the adhesive was mounted to a 20 × 20 mm square tile, placed in contact with a glass plate, and attached by a stiff Spectra TM tether to the winch servo of a μTug robot, which loaded it in shear. A linear voltage ramp was applied to the motor, increasing until sliding failure occurred. A high speed camera (Exilim EX-F1, 300 FPS) observed the FTIR image from beneath the plate. The resulting video was processed frame by frame; the intensity of all pixels in a region of interest was integrated to obtain a measure of the true area of contact as a function of time. It was verified that the measured value of noncontacting pixels was identically zero, so no offset correction was needed. The loading force trajectory was also recorded at 1 kHz using a commercial F/T load cell (ATI Gamma SI-32-2.5). Figure 3 shows plots of area and shear force as a function of time during a typical loading cycle. In all experiments, the wedges are loaded along their preferred direction to generate maximum adhesion. Loading behavior for the wedges in their non-preferred direction can be found in [24] .
B. Adhesive Slipping Behavior
Initially, both force and area increase steadily (region A) as the wedges start to deform. During this phase, elastic energy in the wedges is offset by the gain in adhesive energy, so the area of contact increases. As the shear force increases further (point B), it becomes energetically more favorable for the wedges to pull away from the surface, putting energy into elastically stretching the wedges rather than the adhesive interface. The wedges thus make less contact area, but the loading pressure increases to support a higher total force until point (C) at which the shear stress exceeds the limit and the contact slips.
Slip failure always occurs after the area measured by FTIR begins to decrease. If we can consider the wedges as a series of parallel, nonlinear springs as shown in Figure 4 , we see that as the wedges lay down against a smooth surface, their stiffness increases (A to B) . Assuming all of the wedges stay in contact, wedge geometry implies that stiffness is a strictly increasing function of area. However, at the limits of adhesion, some wedges start to pull away from the surface and the total stiffness of the adhesive tile decreases, indicating a decrease in contact area (C). This sequence suggests that by measuring the change in stiffness of the adhesive, we can also monitor when the real area of contact stops increasing and starts to decrease shortly before failure.
We can obtain the stiffness, dF x /dx, by measuring the change in tangential force as a function of time:
where x(t) is the tangential displacement as the adhesive is subjected to a steadily increasing load. The relationship between stiffness and displacement is verified using an encoder (CUI Inc AMT102-V, 2048 pulses per revolution) mounted to the output shaft of the motor (2 mm radius). We measure force and displacement for the wedges under an increasing load. Results from this test (Figure 5 ), conducted separately from the imaging experiments, show that that for a slowly increasing displacement (< 1 mm/s), dF x /dx and dF x /dt are comparable, especially near adhesive failure. Note that in this system, the torque from the motor increases monotonically; the deflection also increases monotonically and never exceeds 1 mm.
Similarly, Fig. 6 shows the relationship between the real area of contact and dF x /dt from FTIR imaging experiments, which matches our simplified spring model and again suggests the use of rate of change of force as a proxy for adhesion contact area.
While the scaling factor will in general be a function of time, the algorithm we discuss in Section IV-B looks for both the magnitude and changes in direction of this signal; even with a non-constant scaling, local extrema and the sign of the first derivative are preserved.
IV. INCIPIENT SLIP SENSING
A. Adhesion Slip Sensing 1) Tactile Sensor:
The experiments reported here use a previously described capacitive tactile sensor capable of measuring spatially distributed normal forces and two axes of shear (Fig. 7) ; details are provided in [12] . The sensor has eight capacitive electrodes: two each for differential measurements of x and y shear forces and four additional electrodes for four normal force taxels. With eight signals, the onboard capacitance to digital converter (16-bit, Analog Devices AD7147 CDC) was limited to sampling each channel at 163 Hz.
For the experiments reported here, given that adhesive failures occur rapidly (within 10 ms) we restricted the CDC to sampling only the pair of electrodes that measure shear forces in the positive and negative x direction, obtaining a sampling rate of 1.2 kHz. In future applications, a second CDC will monitor the other channels for a more complete assessment of the contact. This would allow a robot using this sensor to measure adhesion forces, detect off-axis loading, and correct the force loading direction before loading the adhesive tile to its limit. Sensor data were acquired via I 2 C through a microcontroller (Microchip PIC24F04KA201) and sent to an Arduino Due (Atmel SAM3X8E ARM Cortex-M3) for closed-loop motor control described in Section V-B. The adhesive is bonded directly to the sensor, creating an instrumented 20 × 20 × 2.6 mm tile.
B. Incipient Slip Detection
We use two computed measures defined in Eq. (2), α, which corresponds to the rate of change of force, and β, which measures the sharpness of the variation in α, to determine slip.
We established in §III-B that the force rate of change is representative of the adhesive area in contact, which is indicative of the onset of incipient slip. However, the corresponding signal is noisy, as seen in Figure 9 . Given that failure occurs within 10 ms (Figure 8 ), only a modest amount of filtering and signal processing are possible without introducing an undesirable delay.
While α corresponds to the adhesive contact area and can be used to predict incipient slip, β is used to improve detection. Figure 3 demonstrates that the highest peak force is achieved just before the adhesive loses contact and starts to slip. To achieve a balance between maximum adhesive force and reliability, we would like to capture rapid drops in the adhesive contact area, which correspond to rapid changes in α near the limits of adhesion. Accordingly β, a modified second derivative of F x , is used to capture the curvature changes in α before failure.
At each instant, let n be the current sample number. Then
whereF x is a low-pass filtered estimate of the shear force (1st order Butterworth filter with 800 Hz cutoff), d/dt is used to denote a discrete derivative, and m is chosen to give an average of α over a time interval leading up to slip event. In the case of the directional adhesive used in this study m is chosen to correspond to 25 ms. The values of α and β are compared against the upper bounds of their respective RMS noise levels w α and w β , illustrated in Figs. 9 and 10, to determine if slip has occurred:
Sensor baseline noise levels have been found not to depend on the adherend surface for a range of smooth materials.
V. EXPERIMENTAL VALIDATION
A. Experimental Setup
We built an experimental apparatus to investigate the adhesion loading behavior for a μTug robot, using signals from the capacitive sensor. The apparatus consists of a deconstructed μTug, with its winch motor (MKS DS65K microservo modified for continuous rotation) mounted on a platform, shown at right in Figure 11 , connected by a stiff Spectra TM cable to the μTug adhesive base, consisting of the capacitive sensor bonded to a 20 × 20 mm patch of directional adhesive. The motor loads the instrumented adhesive tile by winding the Spectra TM cable in the same way that a mobile μTug pulls a load on a surface. Further details on adhesive loading by the μTug robot can be found in [11] . An additional external accelerometer (Analog Devices ADXL335) is mounted to the tile to provide an independent indication of motion, and the adherend surface beneath the tile is mounted to a 6-axis load cell (ATI Gamma SI-32-2.5) to provide an independent measure of ground reaction forces.
B. Slip Detection and Recovery
Slip detection and recovery experiments were conducted for six common household surfaces shown in Figure 12 , all with surface finish 1.5 μm RMS roughness or smoother [33] . For each of the surfaces tested, a constant voltage ramp is applied to the motor until the slip condition of Eq. (3) 25 ms to relax the tendon and release the strain energy built up between the motor and tile.
In the case of slip detection and response, the threshold condition in Eq. (3) is the only control variable for the binary states of the system: either to continue increasing shear force or to release the force completely. This strategy differs from slip detection and control strategies used for frictional contacts in grasping, which continuously monitor normal and tangential forces and control grasping forces to stay within the friction cone. In the present case, the threshold condition serves as an event that triggers an open-loop response to prevent failure from occurring.
In addition to this first experiment, designed to characterize the peak adhesion force achievable on a given surface, we also performed a subsequent experiment to re-load the adhesive up to 85% of the recorded peak force before failure. The sequence of actions: slip detection, response, and force loading is described in Figure 13 .
As noted earlier, the adhesives can slide slowly without completely losing adhesion [24] . Moreover, in some applications, such as μTugs pulling objects on horizontal surfaces, small amounts of slippage are acceptable; the goal is to maximize the pulling force. In other applications such as climbing robots, however, a momentary loss of adhesion could be catastrophic. Therefore, we consider two cases: slip prevention and slip recovery. In the former case, there is no detectable movement; in the latter case there is a small motion followed immediately by recovery.
Using data either from the capacitive sensor or the ATI load cell, 40 trials of experiments were conducted for each surface for a total of 480 adhesion sensing and recovery experiments. Twenty trials of sliding failure were also conducted to record peak shear force values at adhesion failure.
VI. RESULTS AND DISCUSSION
A. Slip Recovery vs. Slip Prevention
Returning to Fig. 3 , the maximum shear force occurs as the real area of contact starts to drop rapidly, immediately before label (C) in the plot. This condition corresponds to using the condition in Eqn. 3 to detect slips, with the aim of obtaining the maximum possible shear force. Under these conditions, we observe slip prevention and slip recovery events. Typical examples of the two cases are shown in Fig. 14 with plots of the shear and normal ground reaction forces from the ATI load cell, the values of α and β from the capacitive sensor, and the signals from the external accelerometer. In the case of slip recovery, although the motion is small (< 0.5 mm), there is a significant signal from the accelerometer, and the measures α and β undergo rapid changes. In the case of slip prevention, the motion is negligible and the threshold levels for α and β are crossed more gradually.
B. Slip Recovery on Multiple Surfaces
Summarizing the results across multiple surfaces, Table I shows the incidences of slip recovery and slip prevention using α and β computed from data obtained either from the commercial ATI load cell or the capacitive sensor. For all surfaces, the system achieved slip prevention >90% of the time using the tactile sensor and >85% of the time using the ATI.
Maximum shear adhesion levels for each surface tested are shown in Figure 15 . Due to the lower noise levels of the ATI force plate signal (Fig. 9, 10) , the slip threshold level is set closer to the adhesion limit of the tile. As a result, higher maximum force levels and more instances of slip recovery were observed. The threshold levels for the sensor are more conservative due to the higher noise floor of the signal, and a correspondingly lower pre-slip peak force is achieved.
Using the tactile sensor for incipient slip sensing and feedback allows us to achieve >92% of the peak adhesion performance achieved using the ATI force plate. The slip failure detection and recovery algorithm also demonstrates constant behavior across all tested surfaces, showing that we are able to sense and prevent slip without prior adhesive-surface characterization.
In practice, incipient slip threshold levels (w α , w β ) should be set based on the intended application. For climbing robots, slip recovery may be less desirable than slip prevention, as the robot may start to lose contact with the wall at the onset of slip. In this case, more conservative slip threshold levels can be selected. For example, selecting w α to be closer to the peak value of α, instead of the upper bound of the baseline noise level, will guarantee adhesion at the cost of reduced peak force loads. Conversely, for a ground robot such as the μTug, slip recovery is acceptable, and the robot can operate closer to the adhesion limits of the tested surface.
C. Sustained Force Loading
To achieve its maximum force loading capability, a robot would ideally operate just below the peak adhesion force achievable for a particular surface. Figure 16 demonstrates the feasibility of reloading the tile after slip recovery on all of surfaces tested. In this scenario, the motor uses tactile sensor feedback to ramp up again in voltage after the recovery phase and holds force at 85% of the peak force level detected prior to slipping. Comparing this force level to total adhesion area in Figure 3 we see that the system is able to use on-board sensing and feedback control to maintain a high sustained force load with very little loss in adhesion area.
VII. CONCLUSION AND FUTURE WORK
A. Conclusion
In this work, we studied the behavior of incipient slip failure in controllable adhesives using FTIR imaging and tactile sensing. We found that the real area of contact of a fibrillar adhesive is correlated with the rate of change in shear force over time. Combining this knowledge with a portable, dynamic tactile sensor, we are able to develop an incipient slip detection and recovery algorithm to sense and prevent rapid adhesion failure. With this sensor and algorithm we are able to reload the adhesive tile repeatedly to 85% of its peak shear force before failure using tactile sensor feedback alone. This incipient slip detection method works for a variety of smooth surfaces, without "tuning" for materials or for gradual degradation of the adhesive over many loading cycles.
B. Future Work
Adhesion failures due to force overloads can reduce the lifespan of directional controllable adhesives. Therefore, we would like to perform cyclic fatigue testing with our instrumented tile to quantify improvements in adhesive lifespan with incipient slip sensing.
To further explore the mechanisms underlying incipient slip, we would like to create a model for elastic loading/unloading of the adhesive wedges. Such a model would allow us to develop a feed-forward model to predict slips. Improvements in sensing could also provide a more direct picture of the state of the adhesive. For example, if we can augment the capacitive sensor with fringe-effect sensing, we could measure wedge deformation as the adhesive is loaded.
Finally, we want to use our sensor and slip detection algorithm on various robotic platforms for grasping [5] , [9] and climbing [1] , [34] to improve manipulation and locomotion performance. We can also add tactile sensing and slip detection to a team of μTugs , thereby allowing each member of the team to contribute its best effort for load sharing.
